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Laser Sintering (LS) is an Additive Manufacturing (AM) technology for polymers processing 
which is increasingly being used to produce functional products with designs not 
achievable with traditional manufacturing technologies. Lightweight cellular structures are 
a good example of complex designs which are increasingly ﬁnding applications in AM 
parts. However, it is not yet clear how the LS process affects the porosity and geometrical 
characteristics of the cell structural elements. Getting this information allows to perform 
quality control of the LS process, gives insights into how to improve it, and might help to 
take into account manufacturing process variability during the design phase.
In this work a test artifact containing cylindrical elements with diameters in the range 
typically used in lightweight cellular structures is used to investigate the inﬂuence of 
features’ size and printing orientation on the porosity and shape deviation of each 
feature. In order to assess the reproducibility of the process, several replicas of the test 
object are produced in polyamide-12 (PA12) using the same LS process conditions. An 
X-ray Computed Tomography (CT)-based quality control approach, which uses both image 
processing of CT-slices and porosity analysis (porosity content, pores count and pores 
volume distributions) is used to gather the information.
© 2016 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Additive Manufacturing (AM) processes are no longer limited to producing prototypes, but are increasingly applied in 
the production of functional parts obtained by processing many different kinds of materials: polymers, metals, ceramics and 
composites. Laser Sintering (LS) is the most promising polymer additive manufacturing technique which aims to meet the 
requirements needed to become a genuine manufacturing technique. However, some aspects of the LS process still need to 
be improved, in order to reduce the spread in part quality [1,2]. The porosity of laser sintered polymeric parts remains a 
main issue for the quality, since it directly affects the mechanical properties. Many LS machine parameters have been shown 
to inﬂuence the mechanical properties of the parts produced [2,3]. However a complete control of the porosity levels is not 
yet achievable due to the differing characteristics of commercial polymeric powders [4] and due to the different sintering 
conditions offered by the available commercial machines [1].
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2 M. Pavan et al. / Case Studies in Nondestructive Testing and Evaluation ••• (••••) •••–•••Fig. 1. Views of the test artefact which contains cylindrical elements oriented in both vertical and horizontal directions with diameters from 0.6 to 6 mm. 
(a) and (b) show the real artefact design, which contain a supporting structure added to give a higher stiffness and facilitate the ice-blasting step needed 
to remove the residual powder attached. (c) and (d) show the artefact without the supporting structure for better visual assessment.
Even for PA12, which is by far the most used material (market share around 90%) with plenty of published data on 
the mechanical properties, the link between the internal structure and mechanical properties remains diﬃcult. Goodridge 
et al. [1] showed the distribution of pre-heating temperature to be non-uniform over the powder bed platform, and how 
this can be correlated with lower tensile properties. Faes et al. [5] showed how variation of the scanning time for a layer 
inﬂuences the stiffness of the layer, leading to localized strain. Dupin et al. [4] showed how the average pore volume (μm3) 
of 2 commercial laser sintered PA12 powders can vary up to one order of magnitude depending on the process parameters 
used, highlighting the strong inﬂuence of the particle size distribution and particle morphology on the porosity of the 
matrix. Other examples of using X-ray CT to perform qualitative and quantitative porosity measurements on laser sintered 
polymeric parts can be found in [6–10]. Ruesenberg et al. [10] showed a difference in the porosity distribution between the 
core and the skin in a PA12 cube sintered using virgin PA2200 from EOS GmbH. Rouholamin et al. [8] correlated the porosity 
levels and pores morphology measured using X-ray CT with the process parameters used to produce the parts using virgin 
PA2200 powder from EOS GmbH, ﬁnding a maximum pore dimension around 50 μm for all the Energy Densities (EDs) 
investigated.
Another inﬂuence factor, often neglected in literature, concerns the effect of powder recycling. Whereas the scientiﬁc lit-
erature focuses primarily on virgin powders, industrial practice involves recycling the non-sintered powder, due to the high 
price of the raw material. However, recycled powder is characterized by worse rheological properties (higher viscosities 
compared with virgin powders), which reduces the capabilities of the powder to produce a dense matrix [11,12]. Common 
practice is to mix virgin with recycled powder, in order to reduce the material impact and allow still a suﬃcient process-
ability of the resulting powder mix. This new powder mixture leads to a different sintering behavior and likely to different 
porosity characteristics.
Moreover, X-ray CT-based porosity measurement of PA12 parts present in literature commonly refer to small samples 
cut from the center of what can be considered a bulk object [4,8,10], which don’t take into account of part’s boundary 
conditions, which are especially important while printing small features like lightweight structures.
One of the most beneﬁcial points of AM is the possibility to produce parts with a higher degree of complexity compared 
with traditional manufacturing techniques like Injection Molding (IM). Lightweight structures are increasingly being included 
in LS parts [13], because they allow to reduce the weight of the part and to include a different localized stiffness in the 
design by modifying either the unit cell used or the structural parameters of the cellular structure [14].
LS parts’ quality becomes increasingly important when reducing the size of the printed features as well as the capabilities 
of the process to keep the same quality both in terms of porosity and geometry, since a big spread of these characteristics 
would change the mechanical response of the product, causing a deviation from the design requirements. However, it is 
still not clear how the quality of the cylindrical structural elements of the unit cell are affected by the LS process and how 
reproducible their production is at an industrial level.
In this work a test artifact containing pins oriented both in horizontal and vertical directions with a diameter range 
typically used in lightweight structure is used to assess both porosity and geometrical characteristics of each printed feature 
by means of X-ray CT. Several replicas of the same artefact have been produced using PA12 processed at the same LS process 
conditions, in order to assess the production reproducibility.
2. Methods
The reproducibility of the printing process is assessed using 4 replicas of the artefact shown in Fig. 1. The object com-
prises cylindrical elements with diameters ranging from 0.6 mm to 6.0 mm and a length of 10 mm, oriented both in vertical 
(printing direction) and horizontal directions. The pins included in this design resemble the cylindrical structural elements 
of lightweight structures regarding both orientation and dimensions. The porosity and geometrical characteristics of each 
artefact’s feature are assessed with respect to its size and printing orientation. Pores statistics are further analyzed using 
a Matlab code, in order to get information about the pores volume distribution. CT slices aligned with the printing direc-
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Laser Sintering process parameters used to produce the test artefacts. All the artefacts have been printed using a layer thickness of 120 μm.
Contour 
laser power 
(W)
Contour 
scanning speed
(mm/s)
Hatching 
laser power
(W)
Hatching 
scanning speed
(mm/s)
Hatching 
scan spacing
(mm)
Energy density 
(mJ/mm2)
34 3000 40 4000 0.3 33
tion are used to create cumulative porosity maps which allow to assess the distribution of the porosity along the slicing 
direction.
Production of the samples
All the replicas are produced using a P396 machine from EOS GmbH using a PA2200 PA12 powder with a mixing ratio 
50/50 between virgin and recycled powder and an alternate x–y scanning pattern. All artefacts have been printed at the 
center of the build platform in order to minimize the inﬂuence of the uneven temperature distribution and to warrant equal 
sintering times. The process parameters used to produce the samples are reported in Table 1. The printing of the artefacts 
took around 2.5 hours in total.
X-ray computed tomography
All CT scans have been performed using a 225 kV CT machine from Nikon Metrology using a Molybdenum target, a volt-
age of 110 kV, a current of 127 μA and 3000 projections. The magniﬁcation of ×10 allowed to obtain a voxel size of 20 μm. 
The reconstruction of the projections into the voxel volume (ﬂoat 32 bit format) is performed using CT Pro 3D software 
from Nikon Metrology. The datasets are analyzed using VGstudio max v. 2.2 from Volume Graphics GmbH, where the closed 
porosity is calculated using the defect detection module; for the defect detection analysis the ‘only threshold’ algorithm has 
been used, measuring pores which contained a minim of 8 voxels, in order to avoid erroneous estimation inﬂuenced by the 
dataset noise. The analysis provides characteristics about all the pores present within the region of interest analyzed. The 
data are further analyzed using a Matlab code, in order to get information about the pores volume distribution.
In order to determine the areas most affected cumulative porosity maps have been created by performing image pro-
cessing on the exported CT-slices following an approach similar to [15]. An important step in this analysis is the volume 
alignment with the original STL ﬁle used to print the object, which allows to export the slices aligned with the printing 
direction. The shape deviations from the design are assessed by comparing CT-slices of cross sections of cylindrical elements 
exported from the VGstudio max software.
3. Results and discussion
3.1. Porosity analysis
Fig. 2 shows the porosity level in the cylindrical elements of the test artefact for both vertical and horizontal orientations. 
The porosity content of each measured feature is shown in the graph as well as the average porosity of each kind of feature 
calculated as mean value of 4 replicas. The horizontal pins present overall a lower defects’ volume compared with the 
vertical ones, which is in agreement with Ziółkowski et al. [16] who reported the porosity values measured by X-ray CT 
and metallography of steel samples printed by SLM along 3 different orientations; moreover the authors of the study shown 
that the porosity minimum is reached when the sample is printed at 45◦ inclination.
For both orientations investigated in this paper there is a progressive increase in the porosity levels from the smaller 
pins up to a diameter where the values stabilize. The small features oriented in vertical directions present overall a bigger 
spread compared both with the bigger ones and with all the pins oriented horizontally.
Fig. 3 shows the average pores count per unit of volume of each diameter for both orientations. Vertical pins show 
a lower average count for all the sizes investigated. However the difference in pores count between the two orientations 
appears to decrease when the size of the feature increases. The combination of a higher porosity content and a lower pores 
count suggests that the vertical orientation leads to an average bigger pores size compared to the horizontal one.
This assumption ﬁnds supporting information when looking at the central CT-slices of different pins’ diameters for both 
orientations shown in Fig. 4. Comparing the CT-slices of the pins with 1.25 mm diameter (Fig. 4 (a) and (d)) it is clear 
how the vertical orientation induces a larger average pore size. When the feature’s size increases the difference decreases 
(Fig. 4 (d) and (e)), becoming barely noticeable for the maximum size investigated (Fig. 4 (c) and (f)).
Fig. 5 shows the normalized pores volume distributions for the pins with 6 mm diameter oriented in vertical and 
horizontal directions. For both distributions the pore size which contributes most to the total voids’ volume is around 
150 μm; however the one related to the vertical pin appears shifted towards larger pore diameters, conﬁrming that also for 
the larger size investigated, the vertical orientation leads to a larger average pore size. The higher porosity levels together 
with the larger average pore sizes might determine a lower mechanical response of the pins oriented along the printing 
direction compared with features perpendicular to it, with a magnitude which depends on the size of the pin. This is in 
good agreement with results already reported in literature which attribute lower mechanical performances to tensile bars 
with the main axis oriented along the printing direction [1–3].
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Fig. 3. Average pores counts per volume of pins printed in both orientations.
The fact that smaller pore sizes have a limited contribution to the total voids’ volume conﬁrms that better CT scan 
resolutions are not required for this analysis, since additionally detected pores would not inﬂuence the accuracy of the 
porosity measurement signiﬁcantly.
Fig. 6a shows the porosity maps of the pins with a diameter of 6 mm along the main axis of the pins for both orienta-
tions. The horizontal pin clearly shows the layered structure of the porosity, while the vertical pin shows a crown of porosity 
located close to the border of the feature, as reported in [17]. This crown of pores could partially contribute to the higher 
porosity levels of the vertical pins compared to the horizontal ones. Both maps show a much denser skin compared with 
the internal region, conﬁrming the results reported by Ruesenberg et al. [10], who qualitatively compared different regions 
of the CT slices of a cube, indicating how part’s borders present a lower pores concentration. The increase in porosity with 
the size of the features could be explained by the different ratio between the more porous internal region and the denser 
skin. In fact, by increasing the feature’s size this ratio changes, with the internal regions having a bigger contribution to the 
ﬁnal porosity level. This effect is believed to be relevant up to a size where the contribution of the denser skin is in the 
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M. Pavan et al. / Case Studies in Nondestructive Testing and Evaluation ••• (••••) •••–••• 5Fig. 4. Central CT-slices for pins with 1.25, 4.0 and 6.0 mm diameter for horizontal (a, b and c) and vertical (d, e and f) directions.
Fig. 5. Comparison between the normalized pore volume distributions of the pin with a diameter of 6 mm oriented in vertical and horizontal direction. 
Both individual values of the 4 replicas (asterisks) and the relative mean values (straight lines) are represented.
range of the process variability, leading to a more stable porosity level which can be assumed to be close to the bulk value. 
Figs. 6b and 6c show respectively an example of CT-slice before and after segmentation, which is the ﬁrst step performed 
to produce the porosity map shown in Fig. 6a.
3.2. Geometrical analysis
Observing the cross sectional shapes of different pins diameters in the two orientations shown in Fig. 7, the horizontal 
pins appear in general more ovalized and become rounder when the diameter increases. This effect is partially due to the 
layered construction of the object along the printing direction, which limits the capabilities to produce ﬁne details. This 
effect becomes less inﬂuent when the curvature radius increases, i.e. when the pin diameter increases. A second effect 
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of b (c).
Fig. 7. Cross sections of cylindrical elements of 0.6 (a), 0.8 (b), 1.0 (c), 1.25 (d), 1.5 (e), 2.0 (f), 2.5 (g) and 3.0 mm (h) for horizontal (ﬁrst row) and vertical 
(second row) orientations.
concerns the ﬁlleting effect [18], which refers to the different sintering conditions for the down facing surfaces, which leads 
to a higher sintered thickness. These two effects are particularly severe for small cylindrical elements in the horizontal 
direction. Moreover, there is an additional third effect, which relates to the slicing process performed by the building 
processor preparing the job ﬁles for the printing machine. This process divides the object in slices which are calculated 
to be the intersection of the original STL ﬁle with planes spaced by the selected layer thickness. These slices correspond 
to the areas that will be sintered in each layer during the process. The slicing process is a discretization step which can 
introduce an error up to the layer thickness along the printing direction, depending on the cutting height. An example of 
the errors introduced by the slicing process are the small bumps underneath the horizontal cylinders of 1.5 and 2.5 mm 
diameter shown in Fig. 7. A similar shape deviation is also noticeable in Fig. 6. These shape deviations are due to the 
fact that the slicing height corresponding to the ﬁrst layer was a fraction of the layer thickness, while during the printing 
process the actual thickness sintered was the layer thickness plus the additional thickness due to the ﬁlleting effect. The 
effect described result more severe when the ratio between the slicing height of the ﬁrst layer and the layer thickness 
decreases, and can potentially cause larger shape deviations when the dimension of the feature decreases.
The slicing process depends on the relative height positioning of each part within the building envelope, leading to 
potentially different shape deviations for a same feature printed in different positions.
4. Conclusions
The investigations show how the porosity levels of small features depends on their size and orientation. A progressive 
increase in the voids’ content with an increase in size was found up to a level which could be assumed to be close to the 
bulk value. This behavior can be explained by the different volume ratio between the more porous internal regions and the 
denser skin of the material. Features oriented along the printing direction show overall a higher porosity value with bigger 
average pore sizes, independently on the size of the feature.
Dependence of dimensional and geometrical deviations on size and feature orientation have also been observed. The 
horizontal cylindrical elements are overall more ovalized when compared with the vertical ones. This shape deviation is due 
to both the intrinsic limitations of the LS process to create ﬁne details due to the layered construction of the object, due to 
the different sintering conditions of the down facing surfaces which lead to a thicker sintered layer, and due to the slicing 
process.
The results obtained suggest that small cylindrical elements typical of lightweight structures might have different me-
chanical responses depending on their size, orientation and relative position into the building envelope. The design of parts 
containing small features should take into account this process variabilities. A further study will investigate the porosity 
content of intermediate orientations between horizontal and vertical ones, which have shown to lead to a minimum level 
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responses of this small cylindrical elements depending on the size and orientation.
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